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Summary
 Trees play a key role in the global hydrological cycle and measurements performed with the
thermal dissipation method (TDM) have been crucial in providing whole-tree water-use esti-
mates. Yet, different data processing to calculate whole-tree water use encapsulates uncer-
tainties that have not been systematically assessed.
 We quantified uncertainties in conifer sap flux density (Fd) and stand water use caused by
commonly applied methods for deriving zero-flow conditions, dampening and sensor calibra-
tion. Their contribution has been assessed using a stem segment calibration experiment and
4 yr of TDM measurements in Picea abies and Larix decidua growing in contrasting environ-
ments. Uncertainties were then projected on TDM data from different conifers across the
northern hemisphere.
 Commonly applied methods mostly underestimated absolute Fd. Lacking a site- and
species-specific calibrations reduced our stand water-use measurements by 37% and induced
uncertainty in northern hemisphere Fd. Additionally, although the interdaily variability was
maintained, disregarding dampening and/or applying zero-flow conditions that ignored
night-time water use reduced the correlation between environment and Fd.
 The presented ensemble of calibration curves and proposed dampening correction,
together with the systematic quantification of data-processing uncertainties, provide crucial
steps in improving whole-tree water-use estimates across spatial and temporal scales.
Introduction
Accurate measurements of whole-tree water use are important as
terrestrial plant transpiration plays a key role in the global hydro-
logical cycle (Holbrook & Zwieniecki, 2003; Schlesinger &
Jasechko, 2014; Good et al., 2015; Fatichi & Pappas, 2017). Fur-
thermore, measurements of whole-tree transpiration show great
value in validating regional water-balance simulations (Wilson
et al., 2001; Ford et al., 2007; Reyes-Acosta & Lubczynski,
2013), interspecific comparison of stomatal conductance
behaviour (Damour et al., 2010), modelling stable isotope
enrichment (Song et al., 2013; Sutanto et al., 2014) and mecha-
nistically explaining wood formation (De Schepper & Steppe,
2010; Fatichi et al., 2014; Steppe et al., 2015). Whole-tree tran-
spiration can be estimated by upscaling measurements of leaf-
level transpiration or by partitioning eddy covariance flux tower
data, which both require assumptions on crown and canopy
architecture (Ansley et al., 1994; Hatton & Wu, 1995; Lawrence
et al., 2007; Matheny et al., 2014; Fatichi et al., 2016). The
development of heat-based sap flow methods applied at the tree-
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stem level avoids these issues and has provided whole-tree water
use estimates across a wide range of spatiotemporal scales
(Swanson, 1994; Smith & Allen, 1996; Kallarackal et al., 2013;
Van de Wal et al., 2015).
Since 1985, over 1200 studies have collected heat-based sap
flow measurements, to assess the effect of environment on tran-
spiration and to quantify forest stand water use (Fig. 1a). Owing
to their low cost, ease of use, low energy requirement and long-
term measurement potential (Oliveras & Llorens, 2001; Lu et al.,
2004), sap flow data generated with the thermal dissipation
method (TDM; Granier, 1985, 1987) far exceed any other
method (Poyatos et al., 2016), including heat pulse velocity
(Green et al., 2003), stem heat balance (Langensiepen et al.,
2014), heat field deformation (Cermak et al., 2004), heat ratio
method (Burgess et al., 2001) and trunk segment heat balance
(Smith & Allen, 1996).
The TDM measures sap flux density (Fd) by inserting two axi-
ally aligned probes into the sapwood and determining the tem-
perature difference between a continuously heated probe and the
nonheated reference (expressed as ΔT (°C)). Fd is typically esti-
mated by first calculating the proportional difference between
measured ΔT (denoted as the unitless K (–)) and zero sap flow
conditions (denoted as ΔTmax; cf. Lu et al., 2004). Next, Fd is cal-
culated from K, using a calibration curve (Granier, 1985). Ignor-
ing radial or circumferential profiles, Fd can then be multiplied
by the sapwood area to obtain whole-tree sap flow, and poten-
tially be upscaled to stand water use (Granier, 1987; Cermak
et al., 1995; Matheny et al., 2014). Despite its simplicity, alterna-
tives to process raw TDM measurements (cf. Fig. 1b) generate a
range of potential Fd values, and subsequently cause uncertainty
in the quantification of whole-tree and stand water use. Typically,
one set of TDM probes is installed per tree, assuming this local
measurement represents sap flow in the entire stem. Yet, in some
cases, strong radial and circumferential variations in sap flow
require the installation of additional probes at different sapwood
depths or circumferential positions (Lu et al., 2000; Nadezhdina
et al., 2002; Fiora & Cescatti, 2006; Saveyn et al., 2008), which
is not always considered (54% of studies do not account for this
variability; cf. radial/circumferential variation in Fig. 1b). Next,
it is frequently assumed that the probes are inserted into the sap-
wood, although measured ΔT can be altered when partially
inserted into nonconducting heartwood (Lu et al., 2004). In spite
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Fig. 1 Literature review of heat-based sap flow methods. The search terms ‘stem’, ‘tree’ and ‘sap flow’ were used in Scopus and Web of Science (www.
webofknowledge.com and www.scopus.com; accessed on 1 December 2016). (a) Temporal development of the (major) applied methods from 1985 to
2015, including thermal dissipation method (TDM), heat pulse velocity (HPV), stem heat balance (SHB), heat field deformation (HFD), heat ratio method
(HRM), and trunk segment heat balance (TSHB). (b) Sankey diagram revealing the proportion of studies from 2010 to 2016 within forests and plantations
using TDMmeasurements, grouped according to region, species and different assumptions (175 studies). We noted the study location; the study tree
species; whether corrections were made for radial or circumferential variation (rad./circ. correction); whether corrections were applied for probes inserted
into heartwood (cf. Clearwater et al., 1999); the temporal extent of the measurements (equal to and longer or shorter than one growing season; Gr.
season); whether the original (Granier, 1985) or a species-specific calibration was used to calculate sap flux density; and the assumptions for estimating
zero-flow conditions (ΔTmax). For ΔTmax assumptions we noted the use of the predawn and environmental dependent (Env. depend.) method or whether
the applied assumption was not reported (Not rep.). Black bars indicate the most widely applied options.
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of available correction methods (cf. Clearwater et al., 1999),
heartwood–sapwood boundaries frequently cannot be precisely
defined and may vary considerably within the stem (17% of stud-
ies apply a correction; cf. heartwood presence in Fig. 1b; Longue-
taud et al., 2006; Paudel et al., 2013). Finally, natural variations
in thermal conditions may alter ΔT (K€ostner et al., 1998; Do &
Rocheteau, 2002; Vergeynst et al., 2014), which can be resolved,
although this often requires more specialized, expensive and often
energy-demanding sap flow methods (e.g. Nourtier et al., 2011;
Lubczynski et al., 2012; Vandegehuchte & Steppe, 2012).
In addition to anatomical and morphological issues related to
ΔT measurements, data-processing procedures to calculate Fd
from ΔT present sources of uncertainty. First, zero-flow condi-
tions (ΔTmax) have to be defined as a reference. The common
practice is to assume that zero-flow conditions occur predawn,
neglecting night-time activity (42% of the studies do not report
the used zero-flow procedure; cf. ΔTmax in Fig. 1b). Yet, previous
findings demonstrate night-time transpiration (Caird et al., 2007;
Novick et al., 2009; Berkelhammer et al., 2013). Owing to the
way in which K and Fd are calculated, a small change in night-
time activity could result in large offsets in daily Fd (Rabbel et al.,
2016). This argues for the application of environmentally or tree
physiologically based criteria to define when zero flow occurs
(Regalado & Ritter, 2007; Oishi et al., 2008). Second, it is often
assumed that installation of the probes into living xylem tissue
causes only slight dampening of the signal as a result of probes
burrowing deeper into the wood and wounding response that
could alter K (Moore et al., 2010; Wullschleger et al., 2011;
Wiedemann et al., 2016). Yet, most studies with a duration equal
to or longer than one growing season (58% of studies; cf. dura-
tion in Fig. 1b) do not account for these effects (Lu et al., 2004).
Finally, most studies use the empirical calibration curve estab-
lished by Granier (1985) to calculate Fd (90% of studies; cf. cali-
bration in Fig. 1b). Nonetheless, multiple studies contest its
validity and propose species-specific calibrations (Bush et al.,
2010; Steppe et al., 2010; Sun et al., 2012; Ma et al., 2017).
Many different combinations of these data-processing procedures
are applied in the literature (Fig. 1b), which might jeopardize cli-
mate-response analyses (Poyatos et al., 2005), interspecies com-
parisons (Kunert et al., 2010; Brinkmann et al., 2016) or large-
scale data collection initiatives (Poyatos et al., 2016). Although
general reviews exist and individual data-processing procedures
have been analysed, a systematic quantification of the impact of
different combinations of data-processing on TDM sap flow data
is lacking.
In a systematic analysis, this study aims to quantify the impact
of commonly applied data-processing procedures on sap flow
estimates derived from single-point TDM measurements. In par-
ticular, in conifers, we assess the effect of four commonly used
methods to define zero-flow conditions on K; quantify the mag-
nitude of K dampening and propose a correction; compare
species-specific calibration curves to calculate Fd with previous
studies; and quantify the uncertainty generated by combinations
of these procedures on Fd, stand water use and interdaily Fd vari-
ability compared with common practices. Four years of TDM
sap flow measurements from Picea abies and Larix decidua,
collected under contrasting field conditions in the L€otschental
(Switzerland), were used for the uncertainty analysis. Addition-
ally, a laboratory-controlled stem calibration experiment was per-
formed to analyse the heat dissipation properties of the wood and
the results were compared with existing calibration curves.
Observed uncertainties were propagated to TDM datasets col-
lected from conifers across the northern hemisphere to illustrate
the importance of carefully selecting TDM data-processing meth-
ods when estimating Fd.
Materials and Methods
Study design and site description
To analyse the uncertainty caused by data-processing procedures
to calculate zero-flow conditions, signal dampening and applied
calibration curves on K, Fd and stand water use, we continuously
monitored sap flow in 27 conifer trees in the L€otschental for 4 yr.
This inner Alpine valley in Switzerland (46°23040″N, 7°45035″
E) is covered by a mixed forest of deciduous Larix decidua Mill.
and evergreen Picea abies (L.) Karst. We collected measurements
from contrasting thermal and soil moisture conditions, as consis-
tent differences in environmental conditions might promote
night-time activity and the magnitude of the dampening
response. A total of five sites were selected along an elevational
gradient, with colder conditions at higher elevations and contrast-
ing dry and wet conditions in the valley bottom (Table 1; King
et al., 2013).
A calibration curve was established for each tree species to cal-
culate Fd using a laboratory calibration experiment on fresh cut-
stem segments. The segments, collected from four trees per
species, were harvested at the Centre for Studies on Alpine Envi-
ronment of the University of Padova located in the Dolomite
mountain region (Italy, San Vito di Cadore; Table 1), as harvest-
ing stems in the L€otschental was logistically difficult. Although
smaller in diameter, P. abies and L. decidua trees were selected
with similar recent ring widths as observed in the L€otschental
monitoring trees (Table 1).
The uncertainty introduced through data-processing methods
for zero-flow conditions and sensor calibration was calculated for
TDM datasets collected across the northern hemisphere for three
conifer genera (Table 2). This analysis included datasets from
Europe and North America. In total, 131 individual trees from
18 sites were included with climatic conditions ranging from 1.4
to 19.8°C mean annual temperature and 428–1452 mm mean
annual precipitation (Table 2).
Field measurements
At each L€otschental site, three mature dominant trees per species
were selected for continuous sap flow monitoring from May
2012 until October 2015 (Table 1). New TDM probes were
additionally installed at a horizontal distance of 10–15 cm away
from the initial probes on four trees to assess dampening effects
(one per species at S19 and N13 in June 2015). Environmental
conditions were monitored at each site with a 15–60 min interval
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(King et al., 2013). A radiation shield-covered sensor was
installed on a central tower (2.5 m above the ground) within
the canopy to measure both air temperature (T, in °C) and rela-
tive humidity (RH (%); U23-002 Pro; Onset, Cape Cod, MA,
USA), used to calculate vapour pressure deficit (D (kPa); cf.
WMO, 2008). Soil volumetric water content was measured
hourly with five sensors at 10 and 70 cm depth in the centre of
each site (h (%), EC-5; Decagon Devices, Pullman, WA, USA).
Solar irradiance (Rg, in Wm
2) was measured hourly in an open
field at N13 using a micro-station (H21-002 Micro Station;
Onset) and pyranometer (S-LIB-M003; Onset). Daily precipita-
tion data were obtained from the nearest weather stations, where
the distance to the site was used to calculate a weighted mean
from the nine included stations (ranging from 6 to 43 km; Fed-
eral Office of Meteorology and Climatology MeteoSwiss).
For upscaling to whole-tree water use, sapwood thickness (cm)
and ring width (mm) were measured from two increment wood
cores taken perpendicular to the slope at breast height from the
monitored trees (avoiding the slope-facing side with installed
probes) and trees surrounding the site (cf. Peters et al., 2017).
Sapwood area was used for upscaling Fd to whole-tree water use,
while ignoring radial and circumferential variability. For upscal-
ing to stand water use, diameter at breast height (DBH) measure-
ments were taken from all trees within 20 m (at S22), 15 m (at
S19 and S16) and 10 m (at N13 and N13W) radius fixed plots,
and used in combination with sapwood allometric relationships
(Supporting Information Fig. S1; cf. Cermak et al., 1995).
Thermal dissipation method
Sap flux density (Fd, cm
3 cm2 h1) was measured using com-
mercially available TDM probes (cf. Granier, 1985; TeSAF,
University of Padova, Italy). Two 20-mm-long stainless steel
probes, with a 2 mm diameter, were radially inserted into the
xylem, with a vertical distance of 10 cm on the slope-facing side
of the stem at 1.6 m height. The temperature difference
between the continuously heated upper and unheated lower
probe was measured (ΔT, °C) and stored with a 15 min resolu-
tion on a data logger (CR1000; Campbell Scientific, Logan, UT,
USA). The maximum ΔT (ΔTmax) was used to obtain K (–)
according to Eqn 1. K can be calibrated to obtain Fd using a
power-type relationship with a (cm3 cm2 h1) = 42.84 (0.0119
(cm3 cm2 s1)9 3600) and b (–) = 1.231 (Granier, 1985),
according to Eqn 2.
K ¼ DTmax  DT
DT
Eqn 1
Fd ¼ a  K b Eqn 2
ΔT was corrected (denoted as ΔTsw) for the proportion of the
probe that was inserted into the sapwood (c, cm cm1) vs the
proportion in the inactive heartwood and used instead of ΔT in
Eqn 1 (Clearwater et al., 1999):
DTsw ¼ ðDT  ð1 cÞ  DTmaxÞc Eqn 3
Because our sensors were measuring over 4 yr and the probes
could progressively burrow deeper into the heartwood, c was cor-
rected annually for the ring width occurring after the installation
year. For this correction we assumed sapwood thickness remained
constant.
Zero-flow conditions
Four methods to calculate zero-flow conditions (ΔTmax) were
used, including the daily predawn (PD; Lu et al., 2004), max-
imum moving window (MW; Rabbel et al., 2016), double
regression (DR; Lu et al., 2004) and environmental dependent
method (ED; Oishi et al., 2016). The PD method was applied
Table 1 Overview of sites and monitored trees
Site
Site
code
Elevation
(m asl) Species Age (yr) DBH (cm) Height (m)
Sapwood
thickness (cm)
Ring
width
(cm yr1)
Switzerland,
L€otschental
N13W 1300 (Wet) Larix decidua 148 164 134 78 89 52 28 33 26 2.2 2.4 2.4 0.06
Picea abies 85 81 109 81 63 81 30 34 34 9.1 6.9 9.0 0.26
N13 1300 (Dry) L. decidua 131 128 131 30 32 31 20 19 19 1.5 1.8 1.6 0.06
P. abies 90 93 87 31 37 48 15 20 19 2.5 5.3 5.1 0.13
S16 1600 L. decidua 371 69 69 75 39 42 32 25 24 3.5 2.6 3.7 0.16
P. abies – 62 461 45 38 56 22 25 24 2.0 4.2 2.0 0.14
S19 1900 L. decidua 200 326 170 48 49 36 24 22 26 3.2 1.8 2.6 0.08
P. abies 137 229 245 34 48 37 25 25 21 1.7 5.5 3.6 0.06
S22 2200 L. decidua 269 280 295 47 56 46 18 17 17 2.4 3.1 1.8 0.09
Italy, San
Vito di
Cadore
1000 L. decidua 28 91 30 62 15 17 16 18 17 19 15 20 2.9 1.7 1.6 1.1 0.12
P. abies 50 35 73 28 16 16 20 12 18 16 14 9 3.1 5.0 3.3 2.8 0.13
Mean ring width was calculated for the last 2 cm of wood, covering the extent of the inserted thermal dissipation probes. The three Larix decidua and
Picea abies trees at each L€otschental site were continuously monitored from 2012 to 2015. Four trees from San Vito di Cadore were used for the cut-stem
segment calibration. See Table 2 for site coordinates and climatic conditions; site codes – LOT, L€otschental; SVD, San Vito di Cadore. –, no data available;
asl, above sea level; DBH, diameter at breast height.
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by selecting daily maximum ΔT values occurring between
00:00 and 08:00 h (GMT) when Rg was below 100Wm
2.
For the MW method, maximum ΔTmax was calculated during
an 11 d window from the predawn ΔTmax values. The DR
method was applied by calculating the mean over predawn
ΔTmax with a MW of 11 d, removing all values below the
mean, and calculating a second 11 d MW which was used as
ΔTmax. The ED method was applied according to Oishi et al.
(2016), where predawn ΔTmax values were selected when T
was < 1°C or D was < 0.1–0.05 kPa for a period of 2 h (D
threshold depending on elevation). In addition, the coefficient
of variation of predawn ΔT within this period should be
below 0.5% to ensure selection of nights with stable zero-flow
conditions. All ΔTmax values were visually checked for drifts
or outliers cause by low h or low T.
Signal dampening detection and correction
First, data from long-term and newly installed probes were
compared with linear regressions to demonstrate absolute off-
sets and daily maximum K variability. Second, the long-term
data collected since 2012 was used to assess dampening for
each monitored tree. Daily maximum K was used as the
dependent variable within a generalized least squares model
(GLS in the ‘NLME’ package for R software v.3.2.00, R Devel-
opment Core Team 2013; Pinheiro et al., 2017), to account
for high first-order temporal autocorrelation (cf. Zuur et al.,
2010). As independent variables, we selected daily maximum
D, T, daily mean h and day of year (DOY; to account for
changes in leaf-phenological stages). Days with a daily maxi-
mum K < 0.05 and precipitation > 1 mm d1 were excluded
from the analysis, as these obstructed detection of the environ-
mental relationships. The polynomial structure of the model
was established using the Akaike information criterion (AIC),
while accounting for interactions between variables (e.g. high
D coincides with low h). Eqn 4 was used to fit a function and
calculate the residual K (Kres (–); observed minus fitted values;
cf. Table S1).
Kres ¼ residðInterceptþ e1  D1 þ e2  T þ e3  T 2 þ e4  h1
þ e5 DOY þ e6 DOY2Þ
Eqn 4
Monthly averages of Kres were calculated (to reduce first-order
autocorrelation) and fitted to the mean time since installation (t,
in d) with a third-order polynomial model to determine signifi-
cant reductions in response to t.
For the study trees with a significant reduction in K (P < 0.05),
a tree-specific function was fitted to generate a correction curve.
To avoid overfitting with environmental variables, used in subse-
quent analyses, we only included seasonality (DOY) and the time
since installation (t) as independent variables for the correction
curve. A nonlinear model was fitted to the daily maximum K,
excluding rainy days and low values to generate the correction
curve (Kcor; cf. Table S2):
Kcor ¼ a þ b  t
1þ c  t þ d  t 2 þ e DOY þ f DOY
2 Eqn 5
The fitted parameters for t (with a, b, c and d) were used to
correct K and scale it to the maximum value within the first year
of installation (cf. Figs S2 and S3).
Stem segment calibration
Calibration curves to calculate Fd were established by comparing
gravimetrically induced flows through a stem segment against K
measured with TDM probes. The stem segments, harvested in
San Vito di Cadore, with a length of c. 1 m (c. 50 cm above and
below DBH), were transported to the laboratory in wet black
plastic bags to prevent dehydration. Directly after harvesting, the
stems were recut under water to c. 25 cm in length and trimmed
with razor blades to reopen closed tracheids. The stem segments
were used for calibration within a Mariotte-based verification sys-
tem (Steppe et al., 2010). In short, a water-filled flask was con-
nected to a plastic cylinder via flexible tubing, functioning as a
siphon. The horizontal height of the flask was adjusted to deliver
a specific water flow to a cylinder attached to the top of the stem
segment with installed TDM probes, producing a constant pres-
sure head.
Within a temperature-controlled environment, no water flow
was applied during a 10 h period to generate zero-flow condi-
tions. Next, the stem segment was flushed with water for 2 h until
the readings stabilized. The water level was increased and then
decreased in 2, 5, 10, 15, 25 and 30 cm ( 0.5 cm) increments
and kept constant at every level for 45 min (resulting in sap flux
densities ranging from c. 2 to 45 cm3 cm2 h1). Finally, no flow
was generated for 4 h, after which post- and pre-zero flow condi-
tions were used to determine ΔTmax with the TDM probes.
A calibration curve was established by fitting a quadratic
function between K and the gravimetric Fd (providing a better
relationship compared with a power function; cf. Table S3 and
S4). Mixed-effect modelling was applied to test for species-
specific differences in the calibration parameters using the ‘LME4’
R package (Bates et al., 2015), with the individual as a random
factor. A literature review was performed on existing
species-specific calibration curves in order to compare sampling
locations, species, wood types, size of stem segments, sapwood
properties, goodness-of-fit for the calibration curve and the
calibration parameters.
Uncertainty analysis and upscaling
Uncertainty induced by different data-processing procedures on
daily Fd and stand water use estimates was analysed by applying
all available data-processing combinations on the L€otschental
trees, including: ΔTmax calculation with the PD, MW, DR or
ED method; dampening or no dampening correction; and
Granier’s original calibration or tree species-specific calibration.
Absolute effects of all possible combinations on mean daily Fd
(mean annual Fd, in cm
3 cm2 d1, averaged over all years of
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observation) and stand water use were calculated and compared
with the commonly applied procedure (measuring for one grow-
ing season, using PD, no dampening correction and Granier’s
calibration; Fig. 1b). Mean annual stand water use was calculated
by averaging the 15 min Fd measurements per site and species
and multiplying them by the species-specific total sapwood area
per site. For addressing interdaily variability and the environmen-
tal response of Fd, daily Fd averaged per species and elevation was
correlated against mean daily D (cf. Oren et al., 1999; Moore
et al., 2010) with a third-order polynomial to obtain the changes
in goodness-of-fit (expressed in R2).
Northern hemisphere TDM measurements (Table 2) were
used to illustrate the relevance of selected data-processing proce-
dures. As most datasets had a short monitoring period, no
dampening correction was applied and measurements from the
first year after sensor installation were used (except for VAL and
TIL as a result of data gaps; cf. Table 2). The 99th quantile was
determined for the maximum daily Fd calculated for all individ-
uals from K within a site (generated with the reported ΔTmax
method; cf. Table 2), when using the different calibration curves
available for softwood species, to avoid the effect of spurious
outliers (excluding the steepest curves proposed by Lundblad
et al., 2001). Additionally, for sites where ΔT values were pro-
vided, various daily Fd time-series were calculated by using PD,
MW or DR ΔTmax and the softwood calibration curves
(Table 2). The ED ΔTmax method could not be applied because
of the lack of high-quality environmental data. Uncertainty was
quantified by calculating the mean daily Fd, after which the dif-
ference from the most commonly applied data-processing proce-
dure was determined.
Results
Zero-flow conditions and the effect on K
Offsets in ΔTmax were observed between predawn and other
methods (PD in Fig. 2a), with the largest differences found in
L. decidua. The criteria needed for the ED method to determine
zero-flow conditions (including low night-time D or T; ED in
Fig. 2a) were in some cases not met for a period longer than 10 d.
In these cases, the predawn method resulted in a strong reduction
in daily maximum K (squares in Fig. 2b), as it does not allow for
night-time water use (circles in Fig. 2b). The MW method
showed the highest daily maximum K (MW in Fig. 2b).
Measurement PD MW DR ED
ΔT
 (m
V
)
0.41
0.44
0.47
0.50
0.53
K
 (−
)
0.00
0.10
0.20
0.30
0.40
1 3 5 7 9 11 13 15
Day of the month
(a)
(b)
Fig. 2 Widely applied zero-flow condition procedures and their implications on K for a Larix decidua tree at the S19 in the first week of June 2012. (a) Raw
ΔTmeasurements (expressed in mV instead of °C; cf. Lu et al., 2004) and ΔTmax determined using the predawn maximum (PD), an 11 d moving window
(MW), the double regression method (DR) and the environmental dependent method (ED). (b) Implications of the different ΔTmax methods on the
resulting K (using Eqn 1). Grey circles reveal times when night-time sap flow activity could be expected and the implication on daily maximum K (grey
squares).
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Dampening effect on absolute value and interdaily
variability of K
Comparison of new and long-term installed TDM probes at S19
and N13 (Fig. 3a) revealed that all L. decidua trees showed
steeper slopes than the 1 : 1 line, indicating dampening of mean
daily K, although the slope was tree-specific (N13 = 1.42 in
Fig. 3b and S19 = 3.41). For P. abies, one tree showed dampen-
ing (N13 = 3.13, cf. Fig. 3b), while another individual presented
a shallower slope (S19 = 0.61), showing little reduction in mean
daily K. However, similar variability of mean daily K was
observed even after 4 years (average R2 0.8, P < 0.05).
Dampening of mean daily K was found in trees from both
species monitored since 2012, after removing the influence of
environmental factors (including D, T, h and DOY; cf. Figs S2,
S3). The residual standard error (RSE) revealed that appropriate
fits with environmental factors were achieved for all trees (mean
RSE of 0.074; cf. Table S1). Only six out of 27 trees did not
show a significant reduction in monthly mean Kres (Table 3).
Although the goodness of fit varied among trees showing damp-
ening (R2 ranges from 0.17 to 0.95), on average a 31% reduction
was found when comparing maximum daily K from 2013 with
2012 (K%2013-12 in Table 3). Within the first year of installation,
both L. decidua and P. abies showed a significant reduction, rang-
ing from c. 0.0003 to 0.0015 mean monthly Kres per d since
installation (t; Table 3). By applying a nonlinear function includ-
ing t and DOY (seasonal term), the 15 min K-values could be
corrected for trees showing a significant reduction (cf. Table S2).
Species-specific calibration and literature review
The cut-segment experiment revealed a steeper calibration curve
than proposed by Granier (1985; Fig. 4). A quadratic polynomial
function showed the best fit where a = 26.236 and b = 56.495
(R2 = 0.96, P < 0.001). Despite P. abies showing a steeper
relationship than L. decidua, no significant species-specific effect
was found (cf. Table S4). Large variability in published calibra-
tion curves was apparent (Fig. 4) and, on average, a maximum K
of 1.1 was generated (cf. Table S5). Ring-porous calibration
curves were the steepest, followed by diffuse-porous and soft-
wood species (Fig. 4).
Uncertainty analysis for L€otschental Fd and stand water use
Large offsets in mean daily Fd throughout the year (growing sea-
son) were attributed to the used calibration method. During the
4 yr of monitoring, Granier’s calibration reduced mean daily Fd
by, on average, 39 cm3 cm2 d1 for L. decidua and
14 cm3 cm2 d1 for P. abies in comparison to our species-
specific calibration (Fig. 5a). Lower mean daily Fd was found
when using the PD zero-flow condition, while MW produced
the highest values (Fig. 5a; change of 39 cm3 cm2 d1 for
L. decidua and 13 cm3 cm2 d1 for P. abies), when using a
species-specific calibration. Applying a dampening correction
increased Fd by 61 cm
3 cm2 d1 for L. decidua and
14 cm3 cm2 d1 for P. abies (when using a species-specific cali-
bration). When considering the species-specific calibration, the
ED method and dampening correction, on average 50%, 53%,
26%, 34% and 14% of the total annual precipitation is tran-
spired at N13, N13W, S16, S19 and S22, respectively. From all
commonly applied TDM procedures (Fig. 1b), using a species-
specific calibration generated the largest offset in mean annual
stand water use, when considering only the first year of measure-
ment (Fig. 6a; reduction from 286 to 207 mm). Additionally,
PD ΔTmax showed consistently lower mean annual stand water
use, which is mainly caused by the inclusion or exclusion of
night-time water use (Fig. 6b; reduction of 54 mm when consid-
ering MW). The effect of dampening is not pronounced, how-
ever, when considering the absolute values in the first year
(Fig. 6a; reduction of 10 mm).
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Fig. 3 Example of K (Eqn 1) as a function of time since installation (t, d) for two trees at the site N13. (a) Mean monthly K for thermal dissipation method
(TDM) probes installed at different times on the same tree. Open or closed circles indicate Larix decidua and Picea abies, while black and grey indicate the
new and old sensor, respectively. (b) Linear correlation between daily mean K for the overlapping period between old and new TDM probes (installed in
May 2012 and June 2015, respectively). Open and closed circles indicate the species as provided in (a).
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Table 3 Descriptive statistics of linear regressions (Kres = Int. + g1 t + g2 t
2 + g3 t
3), where monthly mean Kres (cf. Eqn 4) for individual trees were fitted
against time since installation (t, d), when applying predawn ΔTmax
Site Species Tree Intercept g1 g2 g3 df R
2 P
Kres
Slope2012
K
%2013-12
K
%2015-14
N13 Picea abies 1 0.0633* 0.0003* 4.0E–07* 1.7E–10 29 0.41 0.000 0.000 43 31 0
2 0.0867* 0.0007* 1.2E–06* 6.7E–10* 25 0.40 0.001 0.000 46 23 26
3 0.0481* 0.0002 2.0E–07 8.7E–11 29 0.17 0.039 0.000 34 17 12
Larix decidua 1 0.2729* 0.0012* 1.3E–06* 4.3E–10 22 0.69 0.000 0.001 50 38 10
2 0.0797* 0.0004* 6.9E–07 3.3E–10 20 0.24 0.035 0.000 68 12 10
3 0.0809 0.0009* 1.5E–06 6.7E–10 28 0.06 0.186 0.000 29 17 23
N13W P. abies 1 0.0596* 0.0002 7.3E–07* 3.7E–10* 30 0.73 0.000 0.000 07 7 33
2 0.0208 0.0001 2.1E–07 9.0E–11 30 0.07 0.843 0.000 09 15 1
3 0.0512* 0.0001 3.8E–07* 2.2E–10* 30 0.70 0.000 0.000 17 26 26
L. decidua 1 0.1134* 0.0004 3.0E–07 9.2E–11 20 0.47 0.001 0.000 03 22 6
2 0.1980* 0.0003 4.8E–08 1.0E–10 21 0.72 0.000 0.000 26 32 14
3 0.1697* 0.0005 4.2E–07 1.2E–10 20 0.66 0.000 0.000 27 34 10
S16 P. abies 1 0.0795* 0.0002 4.9E–08 4.7E–12 18 0.74 0.000 0.000 23 – 0
2 0.0343 0.0002 2.2E–07 9.5E–11 29 0.03 0.276 0.000 05 5 1
3 0.1491* 0.0008* 1.3E–06* 6.9E–10* 23 0.75 0.000 0.000 89 50 42
L. decidua 1 0.1232* 0.0008* 1.2E–06* 4.8E–10 15 0.68 0.000 0.000 52  2
2 0.1687* 0.0008* 1.1E–06 4.5E–10* 23 0.78 0.000 0.000 51 49 11
3 0.2455* 0.0007* 1.2E–06* –7.1E–10 12 0.95 0.000 0.000 51  65
S19 P. abies 1 0.0143 0.0001 9.2E–08 7.4E–11 19 0.00 0.422 0.000 90 19 15
2 0.0054 0.0001 2.7E–07 1.6E–10 28 0.07 0.838 0.000 25 10 3
3 0.0347* 0.0001 1.2E–07 3.9E–11 27 0.42 0.000 0.000 28 33 3
L. decidua 1 0.1202* 0.0006* 5.9E–07 1.7E–10 14 0.79 0.000 0.001 10 55 20
2 0.0191 0.0001 6.9E–08 8.8E–11 21 0.02 0.333 0.000 28 9 1
3 0.1317* 0.0007* 1.1E–06* 5.0E–10 14 0.76 0.000 0.000 90 52 21
S22 L. decidua 1 0.0239 0.0001 2.4E–07 1.2E–10 17 0.39 0.010 0.000 07 8 9
2 0.1698* 0.0008* 7.9E–07* 2.4E–10 18 0.77 0.000 0.000 57 48 6
3 0.0916* 0.0005* 6.5E–07 2.5E–10 17 0.45 0.004 0.000 28 27 9
The slope indicates the reduction in mean monthly Kres for 2012 when fitting a linear function against t. Change in mean monthly K (%) from the first
(2012) to the second (2013) year after installation, in addition to the second last (2014) and last year (2015) of monitoring. –, no data were available.
Significant parameters (P < 0.05) are identified with the * symbol.
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Fig. 4 Calibration curves obtained from a cut-stem segment experiment and literature separated by wood type, including; softwood diffuse-porous and
ring-porous (cf. Supporting Information Table S5). A quadratic polynomial function best explained the calibration curve constructed in this study for both
Picea abies and Larix decidua, where Fd = 26.236K + 56.495K
2 (R2 = 0.96, P < 0.001). The Granier (1985) calibration curve is highlighted as it is the most
commonly applied calibration (cf. Fig. 1).
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Species-specific responses were observed in the relationship
between mean D (kPa) and daily Fd (Fig. 5b). A third-order poly-
nomial could explain up to 74% (P < 0.001) of the variance for
P. abies at N13W, when using PD, no dampening correction and
Granier’s calibration, while for L. decidua this was only 36%
(P < 0.001). No distinct change in goodness of fit with D was
observed when using Granier’s or species-specific calibration.
Slight improvements in correlation strength were found when
correcting for dampening (Fig. 5b; from 0.39 to 0.42 across
species). The applied zero-flow conditions had little effect on
P. abies, in contrast to L. decidua. Site-specific effects were found
for P. abies where correlations with D were highest at N13W, fol-
lowed by S19, S16 and N13. For L. decidua predawn ΔTmax
showed the weakest correlation to D compared with the other
methods (Fig. 5b). Additionally, when correlating night-time D
with night-time Fd, only strong correlations were found for ED
when considering L. decidua (R2 = 0.30), DR (0.21) and MW
(0.22).
Uncertainty in sap flux density on northern hemisphere
conifers
The inclusion of this uncertainty as a result of calibration (Fig. 4
softwood; excluding the steepest curve from Lundblad et al.,
2001) had a strong effect on absolute Fd on the northern hemi-
sphere dataset (Fig. 7a,b). The genus Pinus showed the lowest
maximum Fd, ranging from 11 to 239 cm
3 cm2 d1 (Fig. 7b),
with highest uncertainty ranges at the PER and UMBS sites
(Table 2). For the genus Picea, maximum Fd ranged from 35 to
294 cm3 cm2 d1, with the greatest range at the SOBS and
LOTS19 sites (Table 2). The genus Larix, the only deciduous
conifer species in our study, showed the highest maximum Fd,
ranging from 56 to 967 cm3 cm2 d1.
When comparing mean daily Fd to the most commonly
applied data-processing, the different softwood calibration curves
introduced an average uncertainty of 31 cm3 cm2 d1 across
species (Fig. 7c). Larix decidua showed the strongest offset of
51 cm3 cm2 d1, which increased to 75 cm3 cm2 d1 when
including the uncertainty induced by ΔTmax methods (including
PD, MW and DR). The ΔTmax method alone (using a Granier
calibration) induced an average uncertainty of 10 cm3 cm2 d1
across species. When considering the uncertainty generated by
both the calibration curves and the ΔTmax methods (with a mean
uncertainty of Δ 45 cm3 cm2 d1), it becomes apparent that
sites with generally higher K-values also have larger differences
between individuals (Fig. 7c).
Discussion
We quantified uncertainties introduced by different data-
processing procedures when calculating sap flux density (Fd) with
the thermal dissipation method (TDM; Fig. 1a). Our results
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show that commonly applied data processing (using predawn zero-
flow conditions, absence of dampening correction and Granier’s
calibration; Fig. 1b) probably underestimates Fd. Additionally,
incorrect handling of zero-flow conditions and dampening of the
signal may introduce inaccuracies in interdaily variability of whole-
tree transpiration rates, although the temporal dynamics and rela-
tive interspecific variability of Fd are well captured.
Differences in Fd caused by zero-flow condition assump-
tions
Determination of ΔTmax requires informed assumptions on when
zero-flow conditions occur (cf. Fig. 2). The effect of applying dif-
ferent methods for estimating ΔTmax on mean daily Fd is most
pronounced when comparing predawn (PD) ΔTmax, which pro-
duced the lowest values, with other zero-flow condition proce-
dures (Fig. 5a). The MW method provides the highest absolute
values in mean daily Fd. However, the MW method can be sig-
nificantly affected by thermal drifts and changes in stem water
content (Vergeynst et al., 2014), increasing ΔTmax for an exten-
sive temporal period and thus adding uncertainty (Rabbel et al.,
2016). Also, for L. decidua, the correlation with vapour pressure
deficit (D) consistently decreased when using the PD method
(e.g. from 0.40 to 0.28 R2 for S19 when applying a dampening
correction; Fig. 5b) in contrast to P. abies. Although the mecha-
nism behind this species-specific difference is unclear, one expla-
nation could be the larger water storage capacity of L. decidua
which requires longer refilling during the night (Zweifel &
H€asler, 2001; Meinzer et al., 2009; Zheng et al., 2014). These
results are in agreement with findings of Kavanagh et al. (2007)
for L. occidentalis, showing the occurrence of night-time transpi-
ration which impacted ΔTmax.
Although it is difficult to differentiate between refilling of the
storage tissue and actual night-time transpiration (De Schepper
& Steppe, 2010), the improvement in correlation between daily
Fd and D when not using the PD method suggests night-time
activity (Fig. 5b). Evidence for night-time activity provided by
flux tower data supports our findings (cf. Novick et al., 2009).
Although in conifers the night-time to daytime transpiration
fraction is relatively small ( 5% of total stand water use), its
inclusion has a profound effect on the annual stand water use
(Δ 67 mm when comparing PD with MW in Fig. 6b). When
environmental measurements are available, researchers are
advised to apply the ED method (Oishi et al., 2016), as it pro-
vides independent evidence for selecting periods with zero-flow
conditions. If not available, the DR method appears to perform
well, as both daily Fd values and its intradaily variability lie closest
to the ED method (Fig. 5), although they are dependent on the
subjective selection of a window size.
On the causes of apparent signal dampening
We found a significant dampening in TDM-measured K,
which reduces climate–Fd relationships (Fig. 5b), although
interdaily K variation appeared to be preserved (Fig. 3b; Oliv-
eras & Llorens, 2001). K decreased up to 55% after the first
year of measurement (Table 3) and stabilized afterwards (e.g.
Fig. 3a). Also, ΔT consistently increased, indicating a reduced
heat dissipation from the upper probe to the surrounding
sapwood. The signal dampening and increase in ΔT can be
explained either by the sensor being burrowed deeper into
wood with lower water conductance (Phillips et al., 1996;
Beauchamp et al., 2013; Berdanier et al., 2016), or by a
wound reaction (Wiedemann et al., 2016). Although our
probes are progressively grown deeper into the xylem, we find
this alone unlikely to explain the strong dampening patterns
observed only in the first year after installation. Additionally,
the slow growth rates of the monitored trees (c. 1 mm yr1
while the probes are 20 mm in length; cf. Table 1) are not
expected to cause burrowing rates which can explain a K
reduction of > 50%. Although visual confirmation of wound
tissue formation or resin build-up is needed (cf. Mara~non-
Jimenez et al., 2018), we hypothesize that wound reaction
occurring in these coniferous species play a major role in
altering the thermal properties and reduces the overall water
conductance (Moore et al., 2010; Wullschleger et al., 2011).
It is difficult to establish generally applicable corrections,
as wound reactions are probably tree-specific and influenced
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by abiotic factors and phenology, among others (Wiedemann
et al., 2016; Mara~non-Jimenez et al., 2018). To avoid the
effect of wound reaction, a common practice is to reinstall
the probes every year (K€ostner et al., 1998; Moore et al.,
2010). This may, however, cause issues as a result of cir-
cumferential variability (Oliveras & Llorens, 2001). We thus
propose using our statistical correction procedure (Eqn 5),
which helped to isolate the dampening signal, when longer-
term measurements are conducted, and only reinstalling sen-
sors if circumferential variability is low. However, caution is
required for long-term installation with fast-growing species,
as the probes will probably grow deeper into the heartwood,
and for diffuse- or ring-porous species, as these may exert
stronger radial variation in Fd (Beauchamp et al., 2013;
Berdanier et al., 2016). Further studies should test the valid-
ity of our proposed correction experimentally, to corroborate
that it can be appropriately applied in monitoring studies,
better revealing long-term effects (i.e. climatic) on plant
water transport.
Calibration curve comparison
Our species-specific calibration curve demonstrates that Granier’s
calibration (Granier, 1985) produces lower Fd for a given K
(Fig. 4). This causes a change in the exponent of the TDM cali-
bration curve (Eqn 2; we used Fd = 26.236K + 56.495K
2) with
implications for the magnitude of fluxes. In some cases, an under-
estimation of 50% was reported (Paudel et al., 2013), while we
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found a 37% underestimation (Fig. 5a; difference in stand water
use of 71 mm yr1). In softwood species, the steepest calibration
curve was found by Lundblad et al. (2001), but caution should
be taken as this calibration curve was established by comparing
TDM and the trunk segment heat balance, assuming that the lat-
ter has no methodological issues (Poyatos et al., 2005; Gonzalez-
Altozano et al., 2008; Renninger & Sch€afer, 2012). Cut-stem seg-
ment experiments also do not fully portray natural conditions
occurring in the stem, as there might be differences between
applying suction or gravimetric pressure to generate flow (Fuchs
et al., 2017), which should be investigated.
No species-specific difference between P. abies and L. decidua
was found in the calibration curves (Fig. 4). However, our litera-
ture review reveals steeper calibration curves for denser wood
types, with the steepest curves found for ring-porous species
(Fig. 4). The efficiency by which heat is conducted at different Fd
is probably affected by wood anatomical properties (Wullschleger
et al., 2011; Fan et al., 2018). Despite P. abies showing a smaller
earlywood lumen area than L. decidua (Cuny et al., 2014; Carrer
et al., 2017), thus a smaller proportion of water-filled tracheid to
carry heat through conductive woody tissue, we did not find a
significantly steeper curve. Also, when including species-specific
wood density, no clear patterns were found for the steepness of
the reviewed curves (results not shown). We hypothesize that the
anticipated relationship between wood density and steepness of
the calibration curve is distorted by variability in local wood
properties (e.g. smaller or wider rings that have specific anatomi-
cal features), which are affected by site conditions (Anfodillo
et al., 2013; Greenwood et al., 2017). Nevertheless, the most
accurate estimation of absolute Fd is likely to be obtained when
applying a site- and species-specific calibration curve.
Implications of uncertainty for sap flow measurements
When interested in the response of canopy conductance derived
from sap flow measurements to environmental change (cf. Poy-
atos et al., 2013), the choice of zero-flow conditions to determine
ΔTmax is important as it affects the interdaily variability in Fd. As
PD ΔTmax showed consistently weaker correlations with D when
considering diurnal Fd variability in the L€otschental (Fig. 5b),
studies that apply methods which allow for night-time sap flow
activity are presumed to obtain more appropriate climate-
transpiration response patterns, although these are species-
dependent. Additionally, dampening occurring within the first
year after installation could affect Fd–climate correlations, as they
induced a consistent reduction in Fd which could be collinear
with other environmental variables.
Whole-tree water use measured with TDM is commonly
collected during one growing season and estimated by using
PD ΔTmax, no dampening correction and Granier’s calibra-
tion (Fig. 1b). When comparing this standard with other
data-processing procedures for the L€otschental measurements,
employing species-specific calibration curves caused the largest
deviation in mean daily Fd and annual stand water use (Δ
27 cm3 cm2 d1 in Fig. 5a and Δ 79 mm in Fig. 6a). This
uncertainty will most likely increase further when considering
circumferential variation in Fd (Lu et al., 2000) and when
upscaling from tree to stand water use (Cermak et al., 2004).
Dampening appeared less relevant for stand water use when
considering one growing season (Fig. 7a). Current studies
applying PD ΔTmax most likely underestimate annual stand
water use compared with other methods, while causing only
minute differences in night-time transpiration (Fig. 6b; cf.
Rabbel et al., 2016).
The uncertainty generated by the calibration curve depends
upon the range of K-values measured within the individual, as
the deviation between the curves increases with K (Fig. 4). Addi-
tionally, the uncertainty generated by ΔTmax depends upon
species-specific responses and site-specific environmental condi-
tions which allow zero-flow conditions. However, when consider-
ing the 131 northern hemisphere conifers, the uncertainty in
maximum Fd caused by the selected calibration curve remains
substantial (Fig. 7b; using the reported ΔTmax and ignoring
dampening). Owing to the power function shape of most soft-
wood calibration curves (Fig. 4), large uncertainties are generated
for species with high K, such as the genus Larix, which can be
explained by many factors, including a deeper rooting system,
greater access to soil resources, or its deciduous strategy
(Anfodillo et al., 1998). Additionally, a link has been proposed
between xylem structure in conifers and Fd, as wood with larger
tracheids and lower density will be able to facilitate higher flow
rates (Roderick & Berry, 2001; Barbour & Whitehead, 2003).
When comparing the combined uncertainty generated by cali-
bration and ΔTmax methods against commonly applied data-
processing (one growing season, Granier calibration and predawn
ΔTmax), again the calibration curve appears to generate the largest
uncertainty (on average 31 cm3 cm2 d1; Calibr. – PD in
Fig. 7c). Yet, ΔTmax methods contribute to an even larger uncer-
tainty of 75 cm3 cm2 d1 (Calibr.  ΔTmax in Fig. 7c). Besides
large variations among trees, site conditions probably affected the
Fd range, although this requires site-specific environmental mea-
surements. When interested in absolute conifer-stand water use
or interspecific stomatal conductance response, TDM users
should thus be critical of decisions regarding the calibration curve
and detection of night-time sap flow activity for conifers. Yet, as
the calibration curve might be dependent on wood density, Fd
estimates from trees with greater wood density and higher flow
rates, such as ring- and diffuse-porous species (Wullschleger
et al., 1998), will probably show greater uncertainty.
Conclusion and outlook
The TDM will probably remain widely applied and thus a
blueprint on data processing and reporting should be established
to avoid irreconcilable biases in Fd measurements. Here, we show
that Granier’s generalized calibration, compared with site- and
species-specific calibrations, might cause an underestimation of
Fd. This in turn affects stand-level water use estimates and com-
parisons of site- and species-specific transpiration behaviour.
Development of calibration curves is thus important for obtain-
ing more accurate absolute Fd estimates. Also, allowing night-
time sap flow activity (avoiding the use of predawn ΔTmax)
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improved Fd-climate responses, although they were species-
specific and less severe compared with absolute effects on Fd.
Finally, applying a dampening correction is important for con-
serving Fd interdaily variability, although the time frame for the
application of dampening corrections is still uncertain (Wiede-
mann et al., 2016).
Indeed, independent whole-tree water use measurements are
needed to further quantify all sources of uncertainty in TDM
measurements (cf. Oishi et al., 2008). Besides data processing,
variable sapwood thickness, radial and circumferential variability,
changes in stem water content and natural temperature gradients
most likely increase uncertainty and should be systematically
assessed in the future. However, recent progress on the develop-
ment of free software tools for TDM data processing (Oishi
et al., 2016; Ward et al., 2017) and upscaling (Berdanier et al.,
2016) will lead to more harmonized, transparent and repro-
ducible sap flow data, better quantifying the associated uncertain-
ties. This generalization would then allow for the incorporation
of uncertainty quantifications in the global pattern analyses of
whole-tree water use.
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Fig. S1 Allometric relationships between diameter at breast
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